A key event during eukaryotic replication termination is the removal of the CMG helicase from chromatin. CMG unloading involves ubiquitylation of its Mcm7 subunit and the action of the p97 ATPase. Using a proteomic screen in Xenopus egg extracts, we identified factors that are enriched on chromatin when CMG unloading is blocked. This approach identified the E3 ubiquitin ligase CRL2
In eukaryotic cells, genomic DNA replication can be divided into four phases: licensing, initiation, elongation, and termination (Siddiqui et al. 2013; Bell and Labib 2016) . During licensing, which occurs in the G1 phase of the cell cycle, ORC, Cdc6, and Cdt1 load pairs of Mcm2-7 ATPases at each origin of replication. In vertebrates, ∼50,000 origins are licensed genome-wide (Prioleau and MacAlpine 2016) . Initiation occurs at the G1/S transition when Cdc45 and the GINS complex (consisting of Sld5, Psf1, Psf2, and Psf3) associate with Mcm2-7 to form active CMG helicases. CMG encircles and travels along the leading strand template (Fu et al. 2011; Kang et al. 2012) . During elongation, the leading strand is copied by DNA polymerase ε (Pol ε). The lagging strand is synthesized as ∼150-nucleotide Okazaki fragments (Burgers 2009) . Each Okazaki fragment is initiated by the DNA Pol α/primase complex, which makes a short RNA-DNA primer that is extended by DNA Pol δ. DNA Pol δ acquires processivity by interacting with the sliding clamp PCNA, which is loaded onto DNA by the five-subunit RFC complex. When the 3 ′ end of one Okazaki fragment encounters the 5 ′ end of another, DNA Pol δ displaces the RNA-DNA primer, and the resulting 5 ′ flap is removed by FEN1 followed by ligation by DNA ligase I (Burgers 2009 ). Long flaps with secondary structure are removed by the helicase/nuclease Dna2. During termination, replisomes converge, DNA synthesis is completed, the replisome is disassembled, and daughter duplexes are decatenated. Importantly, a single defective termination event has the potential to disrupt chromosome segregation and cause genome instability, whereas failure to initiate DNA synthesis at one or a few origins is readily mitigated by firing of other origins. Despite the importance of replication termination, this process has received little attention compared with other stages of the replication cycle.
Recently, considerable progress has been made in understanding the events underlying replication termination in eukaryotic cells. Use of a vertebrate cell-free system that supports site-specific and synchronous termination revealed that the leading strands of converging replication forks pass each other without stalling and that they are rapidly ligated to downstream Okazaki fragments (Dewar et al. 2015) . These observations are in contrast to termination of SV40 DNA tumor virus replication, where forks stall (Levine et al. 1970; Tapper and DePamphilis 1978; Seidman and Salzman 1979) . Moreover, converging CMG helicases are not unloaded until after the leading strand of one fork has been ligated to the downstream Okazaki fragment of the converging fork, implying that CMG is unloaded from dsDNA (Dewar et al. 2015) . Most likely, converging CMGs pass each other and continue translocating until they reach a downstream Okazaki fragment. They then appear to pass over the ssDNA-dsDNA junction and probably translocate along dsDNA, as shown previously for purified Mcm2-7 and CMG complexes (Kaplan et al. 2003; Kang et al. 2012) , before being unloaded.
Important aspects of CMG unloading have been revealed. Late in S phase, the Mcm7 subunit of CMG undergoes K48-linked polyubiquitylation by a Cullin RING E3 ubiquitin ligase (Maric et al. 2014; Moreno et al. 2014) . The ligase corresponds to SCF Dia2 in yeast but remains unknown in higher eukaryotes. In the absence of SCF Dia2 , CMG is retained on chromatin along with Ctf4/And-1 (also known as Wdhd1) and Csm3/Timeless (vertebrate names after slash), which stably interact with CMG as part of a "replisome progression complex" (RPC) that also includes Tof1/Tipin, Pol α, Mcm10, Mrc1/Claspin, FACT, and Topoisomerase I. These observations suggest that Mcm7 ubiquitylation is the trigger for unloading and disassembly of CMG and other RPC proteins. Yeast mutants lacking Dia2 (dia2Δ) show signs of genomic instability, suggesting that CMG unloading is essential to preserve genomic stability (Blake et al. 2006 ; Koepp et al. 2006) . CMG unloading also depends on the p97 ATPase (Franz et al. 2011; Maric et al. 2014; Moreno et al. 2014) , a "segregase" that extracts polyubiquitylated proteins from their local environment in collaboration with different adaptor proteins (Meyer et al. 2012; Buchberger et al. 2015) . Unloading may also require Ufd1 and Npl4 (Franz et al. 2011) , which form a heterodimer that binds p97 as well as the p97 adaptor Faf1 (Franz et al. 2016) . Despite this progress, critical questions remain unanswered: Which E3 ubiquitin ligase ubiquitylates Mcm7 in higher eukaryotic cells? When is Mcm7 ubiquitylated and what triggers this event? How is Mcm7 ubiquitylation coordinated with replisome disassembly? What is the nature of the p97 complex that promotes unloading?
To identify the vertebrate Mcm7 ubiquitin ligase, we performed a mass spectrometry (MS) screen in Xenopus egg extracts for proteins that remain on chromatin when CMG unloading is blocked. This approach identified CRL2 Lrr1 (a Cul2-based RING E3 ubiquitin ligase), several p97 adaptor proteins, other potential regulators of replication termination, and many components of the replisome. In the absence of CRL2 Lrr1 , Mcm7 ubiquitylation and CMG unloading are inhibited, as is the unloading of DNA Pol ε and numerous other replisome components.
CRL2
Lrr1 chromatin loading, Mcm7 ubiquitylation, and p97 recruitment occur only when forks terminate. Our data suggest that convergence of CMGs during replication termination triggers de novo CRL2 Lrr1 recruitment, Mcm7 ubiquitylation, and coordinated unloading of a large replisome subcomplex by p97.
Results

Mcm7 ubiquitylation and p97 chromatin recruitment are termination-specific events
To study the mechanism of CMG unloading during replication termination, we replicated a plasmid in Xenopus egg extracts and analyzed binding of replisome proteins by plasmid pull-down (PPD). To this end, magnetic beads were coated with lac repressor (LacR) and incubated with the chromatinized plasmid DNA in ice-cold buffer. The LacR-coated beads efficiently bound DNA in a sequence-independent manner , which allowed us to isolate the plasmid and examine chromatin-bound proteins by Western blotting (Supplemental Fig. S1A ). As shown previously for sperm chromatin replicating in egg extracts (Moreno et al. 2014) , CMG unloading from plasmid was blocked by the inhibitor MLN4924 ("Cul-i") (Supplemental Fig. S1A , cf. lanes 2 and 4), which inhibits the activity of Cullin E3 ubiquitin ligases by preventing their neddylation (Supplemental Fig. S1B , cf. lanes 2 and 3, Cul2 blot). CMG unloading was also blocked by the p97 inhibitor NMS-873 ("p97-i") (Supplemental Fig. S1A, lane 3) . In contrast, bortezomib had no effect (Supplemental Fig. S1A , lane 5), indicating that proteasome activity is not required. In the presence of p97-i but not Cul-i, Mcm7 appeared as a series of high-molecular-weight species (Supplemental Fig. S1A , lanes 3,4), which represent polyubiquitin chains (Supplemental Fig. S1B ) that were primarily K48-linked (Supplemental Fig. S1C ). The polyubiquitin chains observed in the presence of p97-i were abolished upon coaddition of Cul-i, indicating that they represent Cullin-dependent ubiquitylation (Supplemental Fig. S1A , lane 10). Importantly, when CMG unloading was blocked by p97-i, fork convergence, the completion of DNA synthesis, and decatenation were all unaffected (Supplemental Fig. S2A-J) . Our results show that plasmid replication recapitulates Cullin RING ligase-dependent and p97-dependent CMG unloading as seen on sperm chromatin (Moreno et al. 2014 ) and in cells (Maric et al. 2014 ) and support our previous conclusion that CMG removal is not required for the DNA transactions underlying termination (Dewar et al. 2015) .
Mcm7 ubiquitylation occurs late in S phase (Maric et al. 2014; Moreno et al. 2014 ), but whether this event is coupled to termination remains unknown. To address this, we took advantage of a reversible LacR-based replication fork barrier to induce synchronous and localized termination (Dewar et al. 2015) . Plasmid DNA harboring 32 tandem lacO sequences (p[lacOx32]) was preincubated with LacR and replicated for 18 min in egg extract, leading to fork arrest on either side of the LacR array ( Fig. 1A ; Supplemental Fig. S2K ; Dewar et al. 2015) . We then added buffer (which maintains the arrest) or IPTG (which disrupts the LacR array and induces termination) and analyzed chromatin-bound proteins by PPD (which was not affected by the presence of IPTG) (data not shown) and Western blotting. In the presence of IPTG, CMG dissociated by 30 min, whereas, in the presence of buffer, CMG was retained ( Fig. 1A , Sld5 blot, cf. lanes 8 and 10). When p97-i was added with IPTG, CMG unloading was blocked, and all of the chromatin-associated Mcm7 became polyubiquitylated (Fig. 1A, lane 9) , whereas, when p97-i was added with buffer, there was no Mcm7 ubiquitylation (Fig.  1A, lane 11) . Importantly, at an earlier time point before CMG unloading occurred, Mcm7 ubiquitylation was detected whether or not p97-i was added but only in the presence of IPTG (Fig. 1A, lanes 4-7) . These results show that Mcm7 ubiquitylation requires disruption of the LacR array with IPTG.
The IPTG-dependent polyubiquitylation of Mcm7 could be caused by termination or the resumption of fork progression after IPTG addition. To distinguish between these possibilities, we compared two conditions. In one, fork progression and termination occurred, whereas, in the other, only fork progression was allowed. To create the first condition, we replicated LacR-bound p[lacOx32] and added IPTG from the start of the reaction to immediately disrupt the LacR array and allow fork progression and termination (Fig. 1B , top scheme; Supplemental Fig. S2L ). To create the second condition, we added buffer instead of IPTG, in which case forks progressed to the array, but no termination occurred (Fig.  1B , bottom scheme; Supplemental Fig. S2L ). We also included p97-i throughout both reactions to trap ubiquitylated Mcm7 that arose at any stage of the procedure. As shown in Figure 1B , efficient Mcm7 ubiquitylation was detected only in the presence of IPTG, when termination was allowed (cf. lanes 4 and 6). The small amount of Mcm7 ubiquitylation seen in the absence of IPTG (Fig.  1B , lane 4) likely reflects a small proportion of plasmids that undergo more than one initiation event (data not shown), leading to a low level of termination events in the presence of a LacR array (depicted in Supplemental  Fig. S2M ). Control reactions lacking p97-i demonstrated that IPTG induced efficient CMG unloading (Fig. 1B , cf. lanes 3 and 5), and replication showed the expected efficiency in the two conditions (Supplemental Fig. S2N ). Our data strongly argue that ubiquitylation of Mcm7 is a termination-specific event.
We also addressed when p97 associates with chromatin. Strikingly, p97 was detected only in the presence of p97-i (Supplemental Fig. S1A , lane 3), suggesting that p97 binds stably to chromatin only when its catalytic activity is inhibited. Like Mcm7 ubiquitylation, efficient p97 binding occurred only when replication termination was allowed (Fig. 1A, lane 9 , B, lane 6). Furthermore, p97 binding in the presence of p97-i was inhibited by coaddition of Culi, which blocks Mcm7 ubiquitylation (Supplemental Fig.  S1A , lane 8 vs. 10), or Geminin, which blocks replication initiation (Supplemental Fig. S1A , lane 8 vs. 9). The p97 cofactor Ufd1, which heterodimerizes with Npl4, exhibited behavior similar to that of p97 (Fig. 1A,B) . Together, the data indicate that when replisomes terminate, they undergo de novo ubiquitylation by a Cullin RING ligase followed by recruitment of p97-Ufd1-Npl4, which extracts CMG from chromatin.
A proteomic screen for proteins associated with terminated CMGs
To understand how replication termination is regulated, we wanted to identify the vertebrate Cullin E3 ligase that ubiquitylates Mcm7. We reasoned that, in the presence of Cul-i, the E3 ligase might bind to terminating was incubated with LacR and then replicated until forks converged on the LacR array. At 18 min, IPTG and/or p97-i was added, as indicated. Chromatin-bound proteins were recovered by PPD at 18, 20, or 30 min and analyzed by Western blotting to detect Mcm7, Sld5, p97, Ufd1, and Orc2 (loading control). In parallel, reactions including radionucleotides were assembled to assess DNA replication (Supplemental Fig. S2K ). (B) p[lacOx32] was incubated with LacR and then replicated in the presence or absence of p97-i and/or IPTG, as indicated. Chromatin-bound proteins were recovered by PPD at 30 min and blotted for Mcm7, Sld5, p97, Ufd1, and Orc2 (loading control). In parallel, reactions including radionucleotides were assembled to assess DNA replication (Supplemental Fig.  S2L ). The same protein samples were also analyzed in Figure 4B .
CMGs but fail to promote Mcm7 ubiquitylation (due to the absence of Cullin neddylation) and thus become trapped on chromatin. Similarly, p97-i might stabilize the E3 ligase on chromatin because p97-i traps CMG on DNA while allowing extensive Cullin-dependent polyubiquitylation of Mcm7 (Supplemental Fig. S1A ). Furthermore, these inhibitors should identify any proteins that are retained with terminated CMGs on chromatin. As such, this approach might identify other regulators of termination as well as replisome components that are coordinately unloaded with CMG. To implement this strategy, we used chromatin MS ("CHROMASS") (Räschle et al. 2015) , which involves isolation of sperm chromatin by centrifugation followed by MS analysis of the recovered proteins. Sperm chromatin was replicated to completion in the presence of vehicle, p97-i, or Cul-i. To identify proteins whose enrichment in the presence of inhibitors was independent of replication, a parallel set of samples was pretreated with the replication licensing inhibitor Geminin. Four biochemical replicates of each condition were analyzed by single-shot MS and subjected to labelfree quantification (LFQ), which provides a relative measure of protein abundance. Using a nonparametric test with a permutation-based false discovery rate (FDR) cutoff, we found that only 84 of the 2581 identified proteins significantly changed between the vehicle control sample and samples treated with either p97-i or Cul-i (FDR < 0.05, S0 = 0.1) (see Supplemental Fig. S3A ,B; Supplemental Table S1). The majority of these hits accumulated on chromatin in response to both inhibitors ( Fig. 2A,B , group I), while fewer proteins were enriched only in the presence of p97-i ( Fig. 2A ,B, group II) or Cul-i ( Fig. 2A ,B, group III).
As expected, both p97-i and Cul-i led to robust enrichment of the CMG complex compared with a control reaction without inhibitor (Fig. 2C [blue bars], see also A,B). Mcm2-7 subunits were less enriched than Cdc45 or GINS subunits, probably due to the presence of some chromatin-bound Mcm2-7 that had not undergone replication initiation. The enrichment of CMG components in the presence of p97-i and Cul-i was replication-dependent ( Fig Table S1 ). Strikingly, we detected numerous replication proteins that, like CMG, exhibited inhibitor-and replication-dependent enrichment (Fig. 2D ). Many of these proteins directly interact with CMG, including Mcm10 (Merchant et al. 1997) , Claspin (Lee et al. 2005) , Timeless-Tipin (Gotter et al. 2007 ), And-1 (also known as Wdhd1 or Ctf4 in yeast) (Gambus et al. 2009; Simon et al. 2014; Villa et al. 2016) , and DNA Pol ε . We note that all of these, apart from DNA Pol ε, are components of the RPC that assembles around CMG in yeast (Fig. 2D , bold protein names; Gambus et al. 2006) . Several of the other enriched proteins interact indirectly with CMG, including Ctf18-Ctf8-Dcc1 (which binds DNA Pol ε) (GarciaRodriguez et al. 2015) as well as Dna2 and Pol α/primase (which are probably tethered to CMG by And-1) (Gambus et al. 2009; Villa et al. 2016) . In contrast, replication proteins that do not interact with CMG (PCNA, Fen1, DNA ligase I, and DNA Pol δ) were not significantly enriched (Supplemental Fig. S4A ). Notably, RPA was not a hit in our screen (Rfa1-3) (Supplemental Fig. S4A ), consistent with our model that impaired replisome unloading does not block ligation of leading strands to the Okazaki fragments of the converging fork (Dewar et al. 2015) . These data suggest that a large replisome complex comprising CMG and numerous proteins involved in the synthesis of the leading strand is unloaded from DNA in a Cullin-and p97-dependent manner.
Two of the top hits in group I were Cul2 and Lrr1, both of which were enriched ∼16-fold in the presence of both Cul-i and p97-i compared with the control reactions ( Fig , which also includes the adapters Elongin B (EloB), EloC, and the RING subunit Rbx1 (Kamura et al. 2004 ). EloB and EloC were also enriched in our analysis (Fig. 2E ), whereas the small protein Rbx1 was not detected with our CHROMASS approach. Enrichment of Cul2, Lrr1, EloB, and EloC was blocked by Geminin, demonstrating that CRL2
Lrr1 recruitment was replication-dependent ( Fig. 2E ). We confirmed that Cul2, Lrr1, and EloC form a complex in egg extracts (Supplemental Fig. S4B ). The only other Cullin ligases identified in our analysis were CRL4 Dcaf17 (represented by Cul4, the Ddb1 adaptor, and the Dcaf17 substrate receptor) (Jin et al. 2006 ) and CRL4 Brwd3 (represented by Cul4, Ddb1, and the Brwd3 substrate receptor) (Ozturk et al. 2013) . We confirmed the existence of CRL4 Dcaf17 and CRL4 Brwd3 complexes in egg extracts (Supplemental Fig. S4B ). However, Dcaf17 enrichment was replication-independent, whereas Brwd3 enrichment was modest compared with Lrr1 and only partially replication-dependent ( Fig. 2A,E ). Taken together, our results single out Cul2 Lrr1 as the top candidate for an E3 ligase that ubiquitylates Mcm7 during replication termination (as examined further below). Other than the above Cullin RING ubiquitin ligases, group I includes many other proteins that are potential regulators of, or participants in, termination (Discussion; Supplemental Fig. S4D ).
Within group II, p97 and a specific set of p97 adaptor proteins (Ufd1, Npl4, and Ubxn7) were enriched ∼16-fold in the presence of p97-i but not with Cul-i ( Fig. 2A , B,F), suggesting that these adaptors could mediate recognition of the polyubiquitin chain that forms on Mcm7. Recruitment was diminished substantially by Geminin, indicating that a fraction of p97, Ufd1, Npl4, and Ubxn7 bound chromatin in a replication-coupled manner (Fig.  2F ). All four proteins behaved very similarly across all six conditions, consistent with p97, Ufd1, Npl4, and Ubxn7 forming a complex ( Fig. 2A,B ; Alexandru et al. 2008; den Besten et al. 2012; Raman et al. 2015) . Aspc1, which is thought to promote disassembly of p97 complexes (Orme and Bogan 2012; Cloutier et al. 2013) , was also enriched in the presence of p97-i and not Cul-i ( Fig. 2A , B, F) but less so than p97, Ufd1, Npl4, and Ubxn7. Only two other proteins (Rb24A and Trad1) showed similarly high and inhibitor-specific enrichment ( Fig. 2A,B ; Supplemental Fig. S4D ), suggesting that they may also be part of the p97 machinery. We also detected modest enrichment of proteins that regulate Cullin RING ligases, including For each protein detected in the screen, fold enrichment relative to the vehicle control was calculated for p97-i or Cul-i treatment. Significant hits are indicated with colored markers and grouped according to whether they were a hit in both conditions (group I), only in the presence of p97-i (group II), or only in the presence of Cul-i (group III). In parallel, a set of control experiments was performed in which replication was blocked by Geminin treatment (Supplemental Fig. S3C,D) . (B) Heat map showing the mean of the z-scored log 2 LFQ intensity from four independent replicates described in A. LFQ values are arbitrary units, which reflect the abundance of different proteins recovered from chromatin in each condition. All proteins that were significantly up-regulated with p97-i and/or Cul-i (84 in total) (see the Materials and Methods) were subjected to nonsupervised hierarchical clustering. The main clusters corresponding to group I (enhanced binding with p97-i or Cul-i), group II (enhanced binding with p97-i only), or group III (enhanced binding with Cul-i only) were extracted and reclustered. (C ) Mean log 2 LFQ intensity across all four replicates is shown for Cdc45, GINS (Psf1, Psf2, Psf3, and Sld5), and Mcm2-7 across all conditions assessed by MS, including Geminin treatment. Error bars represent standard deviation. (D) As in C but for Mcm10, Claspin, Timeless-Tipin (Tim and Tipin), And-1, DNA Pol ε (Dpoe1, Dpoe2, and Dpoe4), Ctf18-Ctf8-Dcc1, Dna2 (Dna2l), and DNA Pol α/primase complex (Dpola, Dpola2, Pri1, and Pri2). (E) As in C but for components of potential Cullin ligases, the ligase CRL2 Lrr1 (Cul2, Lrr1, EloB, and EloC), and Cul4a and Cul4b scaffolds and interacting proteins (Cul4a, Cul4b, Dda1, and Ddb1) as well as putative DCAFs (Dcaf17 and Brwd3) that are expected to form CRL4 Dcaf17 and CRL4
Brwd3
. (F) As in C but for p97 and known substrate adapters: Ufd1-Npl4, Ubxn7, and Aspc1.
Nedd8 and subunits of the COP9 signalosome (Csn1-5, Csn7b, and Csn8) ( Fig. 2A,B ; Supplemental Fig. S4D ).
Within group III, we detected the licensing factors Cdt1 and Cdc6 ( Fig. 2A,B; Supplemental Fig. S4D ). Consistent with this, replication-dependent Cdt1 destruction is prevented by Cul-i (Moreno et al. 2014) , likely leading to its retention on chromatin. Consistent with an accumulation of inactive Cullin E3 ligases, several regulators of the neddylation cascade (Ubc12, Dcnl1, and Dcnl5) as well as the inhibitor Cand1, which binds only to nonneddylated cullins, accumulated specifically in the presence of Cul-i but not p97-i ( Fig. 2A,B; Supplemental Fig. S4D ).
In summary, our proteomic analysis identified a large group of replication factors that are retained with CMG in a p97-i-dependent and Cul-i-dependent manner as well as potential new regulators of termination. Among these, Cul2
Lrr1 is the lead candidate for a Mcm7 ubiquitin ligase.
CRL2 Lrr1 depletion inhibits Mcm7 ubiquitylation and CMG unloading
We next addressed whether CRL2
Lrr1 plays a role in termination. Immunodepletion of Lrr1 from egg extracts partially codepleted Cul2 (Fig. 3A) and did not affect plasmid replication efficiency or decatenation (Fig. 3B) , the final DNA transaction of termination (Dewar et al. 2015) . In contrast, CMG unloading was impaired in the absence of Lrr1 (Fig. 3C, lanes 5,9) , and Mcm7 polyubiquitylation was undetectable (Fig. 3C, lanes 3,7) . Moreover, the p97-i-and Cul-i-dependent binding of Cul2, EloC, p97, and Ufd1 was greatly reduced in the absence of Lrr1 (Fig. 3C , cf. lanes 3 and 7, note that Cul-i increases the mobility of Cul2 due to deneddylation). To carefully quantify the CMG unloading defect in the absence of CRL2 Lrr1 , we first allowed forks to converge on a LacR array in Lrr1-depleted extracts (Fig. 3D) . After 17 min, we split the reaction and added back mock-or Lrr1-depleted extracts containing IPTG and examined the kinetics of CMG unloading at closely spaced intervals (Fig. 3E,F) . Whereas CMG unloading was largely complete 24 min after addition of mock-depleted extract, CMG was still bound after 40 min in the presence of Lrr1-depleted extract (Fig. 3E,F , cf. purple and red graphs; see also Supplemental Fig. S5C) . A recombinant complex of Xenopus Lrr1, EloB, and EloC did not restore Mcm7 ubiquitylation or CMG unloading (data not shown), perhaps because it lacked Cul2, and the endogenous Cul2 remaining in Lrr1-depleted extracts (Fig. 3A) was bound to other substrate receptors. Together with data presented below, our results strongly suggest that CRL2
Lrr1 is the primary E3 ligase responsible for Mcm7 polyubiquitylation and CMG unloading in Xenopus egg extracts.
CRL2
Lrr1 associates with chromatin during termination
To understand the regulation of termination, we asked under what conditions CRL2 Lrr1 binds to chromatin. Analogous to Mcm7 ubiquitylation (Fig. 1) , we found that, in the presence of p97-i or Cul-i, Cul2 and Lrr1 did not bind efficiently to forks arrested at a LacR array (Fig.  4A , lanes 8,9) and associated with chromatin only upon the addition of IPTG, which induces termination (Fig.  4A, lanes 5,6) . Moreover, when fork progression but not termination was allowed in the continued presence of p97-i, binding was poor (Fig. 4B, lane 4) , whereas, when termination was also allowed, binding was efficient (Fig.  4B, lane 6) . Therefore, like p97 binding and Mcm7 ubiquitylation (Fig. 1) , CRL2
Lrr1 binding to chromatin in the presence of inhibitors is termination-specific.
We next addressed whether CRL2 Lrr1 is recruited to chromatin in the absence of inhibitors. To this end, LacR-bound p[lacOx32] was replicated in egg extract to arrest forks at the array (Fig. 4C) . At 18 min, IPTG was added along with vehicle or p97-i, and, every 30 sec thereafter, plasmid was recovered and analyzed. In the absence of p97-i, CMG unloading (exemplified by Mcm6 and Cdc45) began shortly after IPTG addition and was largely complete by 22.5 min (Fig. 4C [even numbered lanes], D [red and purple lines for quantification]). Importantly, in the presence or absence of p97-i, Cul2 accumulated on chromatin at similar levels between 19 and 20.5 min (Fig. 4C, lanes 6-11) , suggesting that p97-i does not affect the level or kinetics of Cul2 binding. In the absence of p97-i, Cul2 subsequently dissociated and was no longer bound by 22.5 min, while, in the presence of the inhibitor, Cul2 continued to accumulate before reaching a peak at 22.5 min. These data indicate that Cul2 is normally recruited to chromatin during unperturbed termination and lost during CMG unloading.
We wanted to know when Cul2 associates with chromatin relative to Mcm7 ubiquitylation and CMG dissociation. To quantify the kinetics of Mcm7 ubiquitylation, we measured the disappearance of the unmodified Mcm7 band (Fig. 4C) , as this was more accurate than quantifying the multiple ubiquitylated Mcm7 species. We validated this strategy by demonstrating that treatment of the recovered plasmid with Usp21 (Ye et al. 2011 ), a nonspecific deubiquitylating enzyme, abolished the slow-mobility Mcm7 species while increasing the level of unmodified Mcm7 (Supplemental Fig. S6A,B) . Using this approach, we found that Mcm7 ubiquitylation and Cul2 recruitment were closely correlated (Fig. 4D , green and blue traces), whereas these events preceded CMG dissociation by ∼45 sec (Fig. 4D , cf. green and blue vs. red and purple traces). Together, the data argue that, during termination, CRL2
Lrr1 is recruited to chromatin, whereupon Mcm7 is rapidly ubiquitylated and then extracted by p97.
Lrr1 does not bind to licensed Mcm2-7 complexes
In the presence of Cul-i or p97-i, CRL2 Lrr1 was bound to chromatin even when the vast majority of replicated plasmid DNA was in the closed circular duplex form (Figs. 3C  [lanes 3,4] Lrr1 might bind to uninitiated Mcm2-7 complexes, which also encircle dsDNA (Evrin et al. 2009; Remus et al. 2009 ). To address this possibility, we measured CRL2 Lrr1 binding to chromatin in the presence of the Cdc7 inhibitor PHA-767491 ("Cdc7-i"), which blocks the conversion of licensed Mcm2-7 into active replication forks (Montagnoli et al. 2008) . p97-i was included to stabilize any CRL2 Lrr1 complexes on chromatin. As expected, Cdc7-i eliminated DNA replication (Supplemental Fig. S6C ) and CMG assembly (Fig. 4E , lane 5, Sld5 and Cdc45 blots). Importantly, Cdc7-i also eliminated CRL2 Lrr1 chromatin binding and Mcm7 ubiquitylation (Fig. 4E, cf. lanes 3 and 5) . The extracts from A were used to replicate plasmids in the presence or absence of p97-i and/ or Cul-i. Radionucleotides were included, and the relative extent of replication and decatenation was quantified at different time points (as in Supplemental Fig. S2H-J) . (C ) In parallel to B, reactions lacking radionucleotides were assembled. At 30 min, chromatin-bound proteins were recovered by PPD and blotted for Mcm7, Cdc45, Cul2, Lrr1, EloC, p97, Ufd1, and Orc2 (loading control). The same samples were also used in Supplemental Figure S7F . (D) Immunodepleted extracts were analyzed as in A except that EloC was also analyzed. Over 90% of Lrr1 was depleted. (E) p[lacOx32] was incubated with LacR and then replicated in Lrr1-depleted (ΔLrr1) extracts from D until forks converged on the LacR array. At 17 min, mock-or Lrr1-depleted extract was added along with IPTG to induce termination in the presence or absence of p97-i. Chromatin-bound proteins were recovered by PPD at time points between 17 and 40 min and then analyzed by Western blotting using antibodies against Mcm7, Mcm6, Cdc45, Sld5, Orc2, and Histone H3 (H3). Orc2 served as a loading control for the Mcm7 blot, and Histone H3 served as the loading control for the other blots. (F ) Quantification of Mcm7, Mcm6, Cdc45, Sld5, Orc2, and Histone H3 protein recovery from E (see the Materials and Methods). As expected, in the presence p97-i, the unmodified form of Mcm7 disappeared in the presence of mock-depleted extract due to ubiquitylation (green graph) but not in LRR1-depleted extract, where ubiquitylation is inhibited (blue graphs). Lrr1 is specifically recruited during termination. (A). p[lacOx32] was incubated with LacR and then replicated until forks converged on the LacR array. At 18 min, IPTG was added to induce termination or withheld to maintain the block along with either p97-i or Cul-i to block CMG unloading or vehicle control. Chromatin-bound proteins were recovered by PPD at 18 or 28 min and analyzed by Western blotting to detect Cul2, Lrr1, and Orc2 (loading control). In parallel, reactions including radionucleotides were assembled and analyzed to assess replication (Supplemental Fig. S7A ). Samples are the same as those used in Figure 5, A and B. (B). The same samples described in Figure 1B were blotted for Cul2, Lrr1, and Orc2 (loading control). (C). Termination was induced and monitored as in A except that, after IPTG addition, chromatin was recovered by PPD at 17 or 18.5 min and every 30 sec thereafter and blotted for Cul2, Mcm7, Cdc45, Mcm6, and Histone H3 (H3; loading control). (D) Quantification of Cul2 binding, Mcm6 and Cdc45 dissociation, and Mcm7 ubiquitylation/dissociation from the Western blots shown in C and two additional experimental replicates (see the Materials and Methods). The mean is plotted, and error bars represent the standard deviation. Only samples lacking p97-i (even-numbered lanes in C ) are quantified. (E) Plasmid DNA was incubated in egg extracts with p97-i and either vehicle or Cdc7-i. Chromatin-bound proteins were recovered by PPD after 30 min and blotted for Cul2, Lrr1, EloC, Mcm7, Mcm6, Sld5, Cdc45, and Orc2 (loading control).
Therefore, while CRL2
Lrr1 interacts efficiently with dsDNA that contains CMG complexes, it does not associate with dsDNA containing Mcm2-7 complexes. This discrimination insures that CRL2 Lrr1 does not reverse the licensing process.
CRL2
Lrr1 -dependent unloading of a replisome subcomplex Our proteomic analysis showed that when CMG unloading was blocked by Cul-i or p97-i, numerous other replication proteins were retained (Fig. 2D) . We wanted to test whether these proteins are associated with forks and whether they are coordinately unloaded during termination. To this end, LacR-bound p[lacOx32] was replicated in egg extracts for 18 min to arrest forks at the array ( Fig. 5A; Supplemental Fig. S7A ). IPTG was then added to induce termination or omitted to maintain the block, and we also included vehicle, p97-i, or Cul-i. As expected, the CMG complex (represented by Mcm7, Cdc45, and Sld5) was associated with arrested forks (Fig. 5A , lanes 3,7-9), lost when termination was induced with IPTG ( Fig. 5A, lane 4) , and retained when Cul-i or p97-i was added with IPTG (Fig. 5A, lanes 5,6) . Claspin, Mcm10, DNA Pol ε, Ctf18, and Dna2 exhibited similar behavior, as did the ubiquitin ligase Traip (Fig. 5A ). Timeless and Tipin, which form a complex, also behaved similarly, although they associated at reduced levels with terminated compared with arrested replisomes (Fig. 5A , cf. lanes 5,6 and 8,9). DNA Pol α was present at arrested forks, as expected (Fig. 5B, lanes 3,7-9 ), but was not detectable upon termination even in the presence of Cul-i or p97-i (Fig. 5B , lanes 4-6) despite being detected in our proteomic analysis (Fig.  2D) . This difference is likely due to the greater stringency of the PPD procedure compared with the gentle sperm chromatin isolation method used in the proteomic analysis. Surprisingly, even though we detected DNA Pol α at arrested forks, we could not detect And-1 (Fig. 5B, lanes  3,7-9 ), which suggests that, unlike Ctf4 in yeast (Gambus et al. 2009; Simon et al. 2014 ), And-1 does not tether DNA Pol α to replication forks. Importantly, we were able to detect And-1 at earlier time points (Supplemental Fig.  S7B, lanes 2,3) , which supports its previously described role in replication initiation (Zhu et al. 2007 ) and suggests that And-1 recruits DNA Pol α during initiation but not at elongating forks. Remarkably, binding of And-1 was greatly enhanced upon termination (Fig. 5B , lanes 5,6; Supplemental Fig. S7B,D) , suggesting that And-1 binds stably to terminated but not elongating replisomes.
In contrast to the proteins discussed above, DNA Pol δ and RPA were not associated with terminated replisomes (Supplemental Fig. S7E ). The loss of RPA may explain the reduced binding of Timeless and Tipin to terminated replisomes (Fig. 5A ), as these proteins also interact with RPA. PCNA unloading was largely termination-independent (Supplemental Fig. S7B , cf. lanes 2,8 vs. 10) as shown previously (Moreno et al. 2014; Dungrawala et al. 2015) . However, we clearly detected retention of some PCNA Figure 4A were blotted for Mcm7, Cdc45, Sld5, Claspin, Mcm10, DNA Pol ε, Ctf18, Dna2, Traip, Timeless, Tipin, and Orc2 (loading control). In parallel, reactions including radionucleotides were assembled and analyzed to assess replication (Supplemental Fig. S7A ). Traip was not detected in the input, but the band shown was depleted from extracts by immunoprecipitation using the Traip antibody (data not shown). (B) The same samples analyzed in A were also analyzed by Western blotting to detect DNA Pol α, And-1, and PCNA. (C ) Plasmids were replicated in Lrr1-depleted extracts. At the indicated times, chromatinbound proteins were recovered by PPD and blotted for Mcm7, Mcm6, Cdc45, Claspin, Timeless, Pol ε, Ctf18, Orc2, and Histone H3 (H3). Orc2 served as a loading control for Mcm7, Mcm6, and Cdc45, whereas Histone H3 served as a loading control for Claspin, Timeless, Pol ε, and Ctf18.
when CMG unloading was blocked (Fig. 5B, lane 4 vs. 5,6; Supplemental Fig. S7B , lane 10 vs. 11), which probably reflects PCNA associated with DNA Pol ε. Our results indicate that the vertebrate replisome contains a large, highly stable subassembly containing CMG, Claspin, Mcm10, DNA Pol ε, Ctf18-Ctf8-Dcc1, Dna2, Traip, and PCNA along with more weakly associated components such as Timeless-Tipin and DNA Pol α. When forks terminate but CMG unloading is blocked, this subassembly is retained on chromatin and appears to recruit additional factors such as And-1.
To further test the idea that this replisome subassembly is coordinately unloaded from chromatin, we examined its fate in Lrr1-depleted egg extracts. As shown in Figure  5C and Supplemental Figures S5 and S7F , Claspin, Timeless, DNA Pol ε, and Ctf18 all persisted on chromatin in the absence of Lrr1. These data suggest that CRL2
Lrr1 triggers the coordinated removal of CMG and numerous other replication proteins from chromatin during replication termination.
Discussion
We performed a proteomic screen for factors that are retained on chromatin with terminated CMG complexes and identified the E3 ubiquitin ligase CRL2 Lrr1 , many CMG-associated proteins, and potential new regulators of termination. Immunodepletion of Lrr1 from egg extracts greatly impaired the unloading of CMG and associated factors. Although we were unable to rescue these defects with recombinant Lrr1 (see the Results), the following evidence supports a central and direct role for CRL2 Lrr1 in replisome disassembly. First, CMG unloading requires a Cullin RING ligase (Supplemental Fig. S1A ; Moreno et al. 2014) , and CRL2
Lrr1 is the only CRL whose binding to chromatin is strictly replication-dependent. Second, CRL2
Lrr1 recruitment to chromatin is absolutely dependent on replication termination, and the kinetics of Mcm7 ubiquitylation and Cul2 recruitment are highly correlated. Third, when we depleted Lrr1, Mcm7 ubiquitylation was virtually undetectable, and unloading of CMG and CMG-associated proteins was greatly delayed. Together with the observation that p97 recruitment to chromatin is termination-dependent and inhibited in Lrr1-depleted extract, the data support the following mechanism: Once CMGs have terminated, CRL2
Lrr1 is recruited de novo and ubiquitylates Mcm7, whereupon CMG is extracted from chromatin by p97, leading to the dissociation of CMG-associated proteins (Fig. 6) . Consistent with our work, others recently discovered that CUL-2 LRR−1 promotes CMG unloading in worms and Xenopus egg extracts (K Labib and A Gambus, pers. comm.). In possible further agreement with our model, genetic interactions between LRR-1 and various replisome components, including PSF-2 and PSF-3, have been detected in worms (Ossareh-Nazari et al. 2016) .
What recruits CRL2 Lrr1 to chromatin? Remarkably, when CMG unloading is blocked in the presence of p97-i or Cul-i, CRL2
Lrr1 binds stably to chromatin even after all of the DNA is fully replicated and ligated. We proposed previously that, as the helicase passes over a downstream Okazaki fragment, the replacement of ssDNA with dsDNA in CMG's central channel triggers CMG unloading ( Fig. 6 ; Dewar et al. 2015) . We now speculate that the presence of dsDNA in CMG's central channel leads to CRL2 Lrr1 recruitment, possibly through a conformational change in CMG. Given that CRL2
Lrr1 does not interact with licensed Mcm2-7 complexes, which also encircle dsDNA, recognition of terminated replisomes must also involve Cdc45, GINS, or other CMG-associated factors. However, we cannot rule out mechanisms that are independent of dsDNA. For example, the juxtaposition of converged CMGs or their interaction with PCNA molecules of the converging fork might stimulate CRL2 CMG after nuclease digestion of chromatin (Gambus et al. 2006) , suggesting that SCF Dia2 may bind replisomes constitutively, but it cannot be ruled out that this association occurs after preparation of cell lysates. Lrr1 shares 15% sequence identity with Dia2 and, like Dia2, contains leucine-rich repeats. However, Lrr1 lacks a tetratricopeptide repeat (TPR) domain, which mediates SCF Dia2 binding to the replisome (Maculins et al. 2015) . This may explain why CRL2 Lrr1 does not bind stably to replisomes in the absence of replication termination. Further work will be required to determine how replication termination stimulates the de novo recruitment of CRL2 Lrr1 , whether recruitment is sufficient for Mcm7 ubiquitylation, and whether this mechanism is conserved in other organisms.
Our proteomic screen identified four p97 adaptor proteins (Ufd1, Npl4, Ubxn7, and Aspc1). Like p97, the Ufd1-Npl4 heterodimer (as measured by Ufd1 Western blotting) bound chromatin in a manner dependent on CRL2 Lrr1 , consistent with a role in termination. Similarly, Ubxn7 chromatin binding was at least partially replication-dependent in the MS screen (Fig. 2F) . The Ufd1-Npl4 heterodimer interacts with p97 in numerous chromatin-associated processes, including eviction of RNA Pol II at sites of DNA damage (Verma et al. 2011 ). Ubxn7 contains a ubiquitin-interacting motif (UIM) that binds neddylated Cullins and thereby mediates interactions between p97 and active Cullin RING ligases (Alexandru et al. 2008; den Besten et al. 2012; Raman et al. 2015) . Importantly, the interaction of Ubxn7 with p97 depends on Ufd1 and Npl4 (Hanzelmann et al. 2011 ). Together, the data indicate that a p97-Ufd1-Npl4-Ubxn7 complex exists in egg extracts, and we propose that it is involved in CMG unloading. Aspc1, a negative regulator of p97 (Orme and Bogan 2012; Cloutier et al. 2013) , may antagonize the p97-Ufd1-Npl4-Ubxn7 complex in CMG unloading. Previous work suggests that UFD-1/NPL-4 promote CMG unloading in worms (Franz et al. 2011) , and recent work indicates that the same is true in budding yeast (K. Labib, pers. comm.) , highlighting the similarities in CMG disassembly in diverse eukaryotes.
Our data provide new insights into replisome architecture. We identified many proteins that are present at forks and retained when CMG unloading is blocked by Cul-i, p97-i, or Lrr1 depletion. These include Claspin (Mrc1), Mcm10, Pol ε, and Timeless-Tipin (Csm3-Tof1), all of which bind stably to CMG. A subpopulation of PCNA molecules is also retained, which probably reflects the Pol ε-bound pool of PCNA described previously (Dungrawala et al. 2015) . We also identified other proteins that interact indirectly with CMG: Ctf18-Ctf8-Dcc1 binds Pol ε (Garcia-Rodriguez et al. 2015), while Traip binds PCNA (Hoffmann et al. 2016) . Additionally, we identified Dna2 and DNA Pol α but can provide no obvious explanation for how they are connected to CMG given that they are thought to be recruited by And-1 (Gambus et al. 2006; Langston et al. 2014 ), which does not appear to bind stably to forks (see below). In sum, we propose the existence of a stable vertebrate replisome subassembly consisting of CMG, Claspin, Mcm10, DNA Pol ε, Timeless-Tipin, PCNA, Ctf18-Ctf8-Dcc1, Traip, Dna2, and DNA Pol α.
Given its similarity to the yeast RPC (which contains CMG, Claspin/Mrc1, Mcm10, and Timeless-Tipin/ Csm3-Tof1), we call this complex the vertebrate RPC (vRPC). The simplest interpretation of our data is that unloading of the entire vRPC is triggered by CRL2 Lrr1 -dependent Mcm7 ubiquitylation, but we cannot rule out the possibility that CRL2
Lrr1 or other ubiquitin ligases target additional vRPC components.
The absence of several proteins from the replication fork merits discussion. In particular, And-1 (Ctf4) was barely detectable at arrested forks but bound robustly to terminated replisomes (Fig. 5B) . This observation is consistent with recent findings that Ctf4 is dispensable for synthesis of leading and lagging strands in vitro (Devbhandari et al. 2017; Yeeles et al. 2017 ). Since And-1 can be detected at replication forks when cross-linking is used (Dungrawala et al. 2015) , we propose that And-1 interacts dynamically with elongating replisomes and more stably with terminated replisomes. Additionally, our proteomic analysis did not detect robust enrichment of Topoisomerase I or FACT (Spt16 and Ssrp1), which are components of the yeast RPC. Rfc2, Rfc3, Rfc4, and Rfc5, which form an alternative RFC complex with Ctf18-Ctf8-Dcc1, were also not enriched. Failure to observe enrichment of these proteins in the presence of p97-i or Cul-i was probably due to their high nonspecific backgrounds in CHROMASS (see Supplemental Table S1 ). In the future, it will be important to clarify how these complexes bind to replicating and terminated replisomes.
Our results have interesting implications for Okazaki fragment processing and maintenance of genome stability. Unlike DNA Pol δ, DNA Pol ε has limited strand displacement synthesis activity (Garg et al. 2004; Georgescu et al. 2014 ) and cannot support maturation of Okazaki fragments, which requires the formation of 5 ′ flaps that are removed by Fen1. Therefore, when a terminating leading strand meets the 5 ′ end of a downstream Okazaki fragment from the converged fork, DNA Pol ε must be replaced with DNA Pol δ (Fig. 6C) . Our model that CMG continues moving on dsDNA at the downstream Okazaki fragment not only eliminates interference of Okazaki fragment processing by the helicase but also drags DNA Pol ε away from the 3 ′ end of the leading strand. This allows Pol ε to be replaced with Pol δ without prior unloading of CMG or PCNA, both of which probably contact Pol ε. This mechanism, although attractive, has a potential disadvantage. If the CMG-DNA Pol ε complex is not unloaded rapidly once it passes onto dsDNA, it would promote rereplication if it encounters a long flap at another Okazaki fragment (Fig. 6C) . Consistent with this idea, mutation of lrr-1 in worms causes DNA damage, checkpoint activation, and evidence of rereplication (Merlet et al. 2010 ). It will be important to test whether termination ever stimulates rereplication and what the consequences are for chromosome stability.
Several other proteins identified in our proteomic analysis (Supplemental Fig. S4D , group I) may represent novel vRPC components or regulators of termination. As Mms22l-Tonsl is reported to interact with CMG (O' Connell et al. 2010; O'Donnell et al. 2010; Piwko et al. 2010) , we speculate that it may be a vRPC component. The same may be true of DNA Pol η, which interacts with the Ctf18-RLC complex (Shiomi et al. 2007 ). Unlike CRL4 Dcaf17 , CRL4
Brwd3 exhibited some replication-dependent chromatin binding, suggesting a possible role in termination. We speculate that Usp37, which is a deubiquitylating enzyme, could function as a negative regulator of Mcm7 ubiquitylation. Consistent with this notion, overexpression of Usp37 increases levels of Mcm7 on chromatin, although this effect has been attributed to deregulation of Cdt1 (Hernandez-Perez et al. 2016 ). It will be interesting to test these hypotheses and determine whether the other hits, such as Wrip1, Ari3A, Dvc1, Rnf138, Rd23b, and Senp6, are vRPC replisome components or whether they cooperate in some way with CRL2
Lrr1 to extract CMG from chromatin.
Materials and methods
Protein purification
Biotinylated LacR was purified as reported previously (Dewar et al. 2015) .
Plasmids p[lacOx32] was prepared as described previously (Dewar et al. 2015) .
Xenopus egg extracts, sperm chromatin, and DNA replication
Xenopus egg extracts were prepared essentially as described (Lebofsky et al. 2009 ). Briefly, licensing mixes were prepared by mixing high-speed supernatant (HSS) of egg cytoplasm with either plasmid DNA at a final concentration of 7.5-15 ng/µL or demembranated sperm chromatin at a final concentration of 10,000 sperm per microliter. Licensing mixes were incubated for 30 min at room temperature to assemble prereplicative complexes (pre-RCs). To block pre-RC formation, Geminin was added to HSS at a final concentration of 10 µM and incubated for 10 min at room temperature prior to addition of plasmid DNA or sperm chromatin. To initiate replication, 1 vol of licensing mix was mixed with 2 vol of nucleoplasmic extract (NPE). For experiments containing radiolabeled DNA, [α-32 P]dATP was added to NPE prior to replication initiation. Reactions were typically stopped in 5-10 vol of replication stop buffer (8 mM EDTA, 0.13% phosphoric acid, 10% ficoll, 5% SDS, 0.2% bromophenol blue, 80 mM Tris at pH 8), treated with 1 µg/µL Proteinase K, and then directly analyzed by gel electrophoresis. Where dissolution and ligation were monitored, reactions were stopped in 10 vol of stop solution (0.5% SDS, 25 mM EDTA, 50 mM Tris-HCl at pH 7.5) and treated with 190 ng/µL RNase A and 909 ng/µL Proteinase K, and termination assays were performed as described previously (Dewar et al. 2015) . Where p97-i and Cul-i were used, 0.05 vol in DMSO was added to yield the following working concentrations: 200 µM NMS-873 (Sigma) and 200 µM MLN4924 (Active Biochem). For sperm chromatin assays, 5 µM MLN4924 was used, as described previously (Moreno et al. 2014) . Where Cdc7-i was used, 0.2 vol in MilliQ water was added to yield a final working concentration of 100 µM PHA-767491 (Sigma). Ubiquitin mutants (Boston Biochem) were added to a final concentration of 100 µM. Samples were separated by agarose gel electrophoresis. Gels were exposed to phosphorscreens and imaged on the Typhoon FLA 7000 phosphorimager (GE Healthcare). Band or total lane intensities were quantified using Multi-Gauge software (Fujifilm) with subtraction of an appropriate background. To determine relative replication efficiency (e.g., Fig. 3B ), the most intense lane was set to 100.
Western blotting
Protein samples were run on Mini-PROTEAN TGX precast protein gels (Bio-Rad) and transferred to PVDF membranes (Perkin Elmer). Membranes were blocked in a solution of 5% dry milk dissolved in 1× PBST for 30-60 min and then incubated with primary antibody at a dilution of 1:500 to 1:20,000 in 1× PBST containing 1% BSA for 12-16 h at 4°C. After extensive washing in 1× PBST, membranes were incubated with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch) at a dilution of 1:20,000 to 1:30,000 in 5% dry milk and 1× PBST for 1 h at room temperature. Membranes were washed extensively and briefly incubated in HyGLO chemiluminescent HRP antibody detection reagent (Denville) or SuperSignal West Femto maximum sensitivity substrate (ThermoFisher) and developed using the chemiluminescence function on the Amersham Imager 600 (GE).
Induction of termination
LacR-bound p[lacOx32] was used to induce termination in Xenopus egg extracts, as described previously (Dewar et al. 2015) .
PPDs
PPDs were performed as described previously . At least two biological replicates were performed for all PPDs. Proteins associated with the chromatin fraction were visualized by Western blotting as described above. Using ImageJ, we measured the intensity of each band and an appropriate background and subtracted the latter from the former. For each protein examined, the highest-intensity band in each blot was assigned a value of 1. In Figure 4D , to quantify Mcm7 ubiquitylation/dissociation, Mcm6 dissociation, and Cdc45 dissociation, the band intensity obtained above was subtracted from 1 and plotted. In Figure 4D and Supplemental Figure S6B , the mean and standard deviation of three biological replicates were graphed.
CHROMASS
Sperm chromatin was replicated for 60 min with or without Geminin pretreatment in the presence of DMSO, NMS-873, or MLN4924. Chromatin and associated proteins were isolated by centrifugation through a sucrose cushion and then processed and analyzed by CHROMASS as described previously (Räschle et al. 2015) . Two biological replicates of the experiment were performed, and two parallel reactions were assembled for each condition during each replicate, yielding four biochemical replicates.
Liquid chromatography-tandem MS (LC-MS/MS) analysis
Peptides were separated on reversed-phase columns (50 cm, 75-µm inner diameter, packed in house with ReproSil-Pur C18-AQ 1.8 µm resin [Dr. Maisch GmbH]) and directly injected into the mass spectrometer (Q Exactive HF, Thermo Scientific). Using a Nanoflow HPLC (Thermo Scientific), peptides were loaded in buffer A (0.5% acetic acid) and eluted with a 4-h gradient (5%-95% buffer B [80% acetonitrile, 0.5% acetic acid]) at a constant flow rate of 250 nL/min. For the reversed-phase separation, the column was maintained at a constant temperature of 60°C. The mass spectrometer was operated in a data-dependent fashion using a top N method for peptide sequencing.
Data processing in MaxQuant
Raw data were analyzed with MaxQuant version 1.5.3.31 using a label-free algorithm (Cox et al. 2014) . A FDR of 0.01 for proteins and peptides and a minimum peptide length of 7 amino acids were required. MS/MS spectra were searched against a nonredundant Xenopus database (available on request). For the Andromeda search, trypsin was chosen for enzyme specificity, allowing for cleavage N-terminal to proline. Cysteine carbamidomethylation was selected as a fixed modification, while protein N-terminal acetylation and methionine oxidation were selected as variable modifications. Maximally, two missed cleavages were allowed. Initial mass deviation of precursor ions was up to 7 ppm, and mass deviation for fragment ions was 0.5 Da. Quantification in MaxQuant was performed using the built-in LFQ algorithm. "Match between run" was used to transfer identities between all samples. Raw files and MaxQuant output tables are available at ProteomeXchange (http://proteomecentral.proteomexchange. org; ID = PXD004828).
Statistical analysis
All statistical analysis was performed using Perseus software (Tyanova et al. 2016 ). All calculations were based on the LFQ intensities reported by MaxQuant. A modified t-test with permutation-based FDR statistics was used to identify proteins that were significantly up-regulated with p97-i or Cul-i compared with control reactions (two-sample test implemented in Perseus version 1.5.5.5 with the following parameters: FDR < 0.05, S0 = 0.1, minimal number of valid values: four in at least one replicate group). Missing values were imputed into control samples only (CTR and CTR + Geminin), with numbers from a normal distribution with a mean and standard deviation chosen to best simulate low abundance values close to the detection limit. All test results are reported in Supplemental Table S1 (column B-M). Proteins that were significantly up-regulated in the presence of p97-i or Cul-i compared with a control reaction without drug were further analyzed by nonsupervised hierarchical clustering. Log2 LFQ intensities were z-scored, and the mean of the four replicates was used for clustering. Main clusters were extracted and subjectively assigned to group I (up with p97-i and Cul-i), group II (up with p97-i only), or group III (up with Cul-i only). Each group was reclustered and is represented as a heat map (see Fig. 2B ).
Coimmunoprecipitations
Coimmunoprecipitations were performed with antibodies raised against Lrr1, Dcaf17, and Brwd3 that were affinity-purified to 1 mg mL −1
. For mock immunoprecipitations, nonspecific IgGs were used at 1 mg mL −1 . Three volumes of antibody was incubated with 1 vol of Protein A Sepharose Fast Flow resin (PAS) (GE Healthcare) overnight at 4°C. Five volumes of 20% NPE containing 0.25% NP-40 was added to the conjugated resin and incubated for 2 h at 4°C. The supernatant was harvested and mixed with an equal volume of 2× SDS sample buffer (100 mM Tris at pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 10% β-mercaptoethanol) for Western blot analysis. The resin was washed five times with phospho-buffered saline (PBS) + 0.25% NP-40 followed by elution of immunoprecipitated proteins with 1× SDS sample buffer (50 mM Tris at pH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol, 5% β-mercaptoethanol) for analysis by Western blotting.
Immunodepletions
For Lrr1 depletion, 3 vol of Lrr1 antibody at 1 mg mL −1 was incubated with 1 vol of Protein A Sepharose Fast Flow (PAS) (GE Healthcare) overnight at 4°C. For mock depletion, 3 vol of nonspecific IgGs, concentrated to 1 mg mL −1 , was used. One volume of antibody-conjugated Sepharose was then added to 5 vol of precleared HSS or NPE and incubated for 1 h at 4°C. The HSS or NPE was collected and incubated two more times with antibody-conjugated sepharose for a total of three rounds of depletion. The depleted HSS or NPE was collected and used immediately for DNA replication, as described above.
Usp21 treatment
PPDs were performed as described above, except that proteins associated with 20-30 ng of plasmid were washed additionally with Usp21 buffer (150 mM NaCl, 10mM DTT, 50 mM Tris at pH 7.5) to remove any detergent, resuspended in 20 µL of Usp21 buffer rather than 2× sample buffer, and then split into two 10-µL samples. One microliter of Usp21 (gift of D. Finley) or buffer was added, and the sample was incubated for 1 h at 37°C to allow for deubiquitylation. The reaction was stopped by addition of 2× SDS sample buffer (100 mM Tris at pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 10% β-mercaptoethanol).
Antibodies
Cul2 antibodies were raised by New England Peptide against a synthetic 16-amino-acid peptide from the N terminus of Xenopus laevis Cul2 (H2N-MSLKPRVVDFDETWNKC-amide). Lrr1 antibodies used for immunodepletions and immunoprecipitations were raised by New England Peptide against a synthetic 16-amino-acid peptide from the C terminus of X. laevis Lrr1 (Ac-CYSQFLDKYLQSTRV-OH). Lrr1 antibodies used for Western blotting were raised by Abgent against a bacterially expressed 180-amino-acid fragment from the N terminus of X. laevis Lrr1. EloC antibodies were raised by New England Peptide against a synthetic 11-amino-acid peptide from the N terminus of X. laevis EloC (H2N-MDGEEKTYGGC-amide). Traip antibodies were raised by New England Peptide against a synthetic 16-aminoacid peptide from the C terminus of X. laevis Traip (Ac-CTSSLANQPRLEDFLK-OH). Cul4b antibodies were raised by New England Peptide against a synthetic 15-amino-acid peptide from the C terminus of X. laevis Cul4b (Ac-CERDKENPNQY-NYVA-OH). Ddb1 antibodies were raised by New England Peptide against a synthetic 14-amino-acid peptide from the C terminus of X. laevis Ddb1 (Ac-CDDLIKVVEELTRIH-OH). Dcaf17 antibodies were raised by New England Peptide against a synthetic 14-amino-acid peptide from the C terminus of X. laevis Dcaf17 (Ac-CRLVKKRFALLDDDP-OH). Brwd3 antibodies were raised by New England Peptide against a synthetic 14-amino-acid peptide from the C terminus of X. laevis Brwd3 (Ac-CTE-KARVSHLMGWNG-OH). Histone H3 antibodies were obtained from Cell Signaling (no. 9715S). Timeless antibodies were obtained from Abcam (ab50943). Antibodies against Ctf18 were a generous gift of T. Takahashi. Antibodies against Tipin were a generous gift from V. Costanzo (London Research Instituite). Antibodies against And-1 were a generous gift from A. Dutta (University of Virginia). The following antibodies used in this study were described previously: Mcm7 and Orc2 (Fang and Newport 1993) , Cdc45 (Mimura and Takisawa 1998) ; RPA (Walter and Newport 2000) , DNA Pol ε (p60 subunit) and DNA Pol δ (Pacek et al. 2006) , Claspin (Byun et al. 2005) ; Mcm10 (Wohlschlegel et al. 2002) , PCNA (Kochaniak et al. 2009 ), DNA Pol α (Arias and Walter 2005) , and p97, Ufd1, and Npl4 (Raman et al. 2011) . Antibodies against Mcm6, Sld5, and Dna2 will be described elsewhere.
